INTRODUCTION {#sec0005}
============

Previous studies have established a correlation between cognitive impairment and cerebrovascular dysfunction \[[@ref001]\], causing rising interest in exploring possible causative relations between the two conditions. In this context, our work has sought to provide quantitative measures of cerebrovas-cular dysfunction in the form of data-based predictive dynamic models of cerebral flow regulation, which can be correlated with clinical measures of cognitive impairment. Using this approach, we have recently reported a significant reduction of dynamic vasomotor reactivity (DVR) in the cerebral circulation of patients with amnestic mild cognitive impairment (MCI) relative to age-matched controls \[[@ref001]\], which confirmed similar findings in an earlier study of a small cohort of patients with early-stage Alzheimer's disease \[[@ref002]\]. The employed modeling approach derives subject-specific predictive models of cerebral circulation to quantify the dynamic effects of resting-state changes in arterial blood pressure and end-tidal CO2 (the putative "inputs") upon cerebral blood flow velocity measured at the middle cerebral arteries via transcranial Doppler (TCD), and cerebral tissue oxygenation measured at a localized microvascular bed in the lateral prefrontal cortex via near-infrared spectroscopy (NIR) (the putative "outputs"). The obtained data-based models are subsequently used to compute "physio-markers" of cerebral flow regulation, such as the aforementioned DVR index, either in large cerebral arteries (based on TCD data) or small cerebral vessels (based on NIR data).

In this paper, we follow the same methodological approach to examine the correlation between the previously obtained model-based DVR physio-markers (TCD-based or NIR-based) with model-based physio-markers of the CO2-driven heart-rate chemoreflex dynamics in amnestic MCI patients and age-matched controls, because of the potential impact of CO2-driven heart-rate chemoreflex dynamics upon cerebral circulation \[[@ref017]\]. This study is motivated by the view that dysregulation of cerebral perfusion may be associated with the process of neurodegeneration through long-term mechanisms that alter the cerebral perivascular microenvironment and induce chronic acidosis, hypoxia and/or oxidative stress in cerebral tissue. The posited dysregulation of cerebral perfusion may occur at various levels (local, regional, or central) and through numerous possible biological/physiological mechanisms. Among the latter, a critical role is likely played by mechanisms that pertain to the complex regulatory actions of the chemoreflexes that seek to maintain homeostasis of cerebral perfusion and/or tissue/blood electrolytes against changes in the biochemical environment of cerebral tissue, caused by intermittent actions of systemic cardiovascular, respiratory, renal, endocrine, and metabolic mechanisms.

This study is focused only on the effects of CO2-driven heart-rate chemoreflex (heretofore referred to as simply "chemoreflex" in the interest of presentation simplicity) and of the heart-rate baroreflex driven by changes in arterial blood pressure (ABP), because they are both known to influence blood circulation through their impact on heart rate (cardiac output) and vascular impedance. These two reflexes of heart-rate are closed-loop homeostatic regulatory mechanisms that involve "sensors" (chemoreceptors and baroreceptors, respectively) and "effectors" (neural and neuroendoctine actions driven by specialized regions of the brainstem) to modulate the heart rate (HR) via the autonomic nervous system (sympathetic and parasympathetic nerves). Specifically, the baroreflex reduces HR to counter a rise in ABP (and vice versa) and the CO2-driven heart-rate chemoreflex increases HR to counter a rise in CO2 in arterial blood and/or cerebrospinal fluid (and vice versa). We note that hypoxia is also known to have significant effects on chemoreflex mechanisms (both cardiac and respiratory), but these effects cannot be analyzed in this study because we lack systemic time-series data on fluctuating oxygen concentrations (see Discussion). Likewise, we cannot analyze in this study the effects of the respiratory-related chemoreflex because we lack time-series data on ventilation. Both of these extensions of our approach (to incorporate the modeling/analysis of time-series data of contemporaneous changes in oxygen concentrations and ventilation) are very important and constitute high priorities for our future work as they impact the cerebral tissue oxygenation.

The CO2-driven heart-rate chemoreflex gain (CRG) physio-markers are computed from data-based predictive models of the dynamic effects of changes in end-tidal CO2 (a proxy signal for blood CO2 tension) upon heart rate, after accounting for the contemporaneous effects of changes in arterial blood pressure upon heart rate (baroreflex dynamics). Proper interpretation of the obtained physio-markers and their possible correlations may provide valuable insight into the physiological mechanisms that affect cerebral flow regulation in healthy subjects and MCI patients. The availability of such quantitative data-based measures of cerebral flow regulation (e.g., DVR and CRG) may have diagnostic and/or prognostic utility and may facilitate the clinical management of major public health problems pertaining to MCI and Alzheimer's disease, as well as other neurodegenerative or cerebrovascular diseases.

In previous clinical studies of cerebrovascular CO2 vasoreactivity \[[@ref022]\], concerning the vasodilatory effect of an increase in blood CO2 tension upon cerebral vessels (causing a decrease of cerebrovascular impedance), a substantial change of CO2 tension was imposed on the patient, typically via CO2 inhalation or breath-holding, and the resulting steady-state change of cerebral blood flow was observed. This widely used approach is vulnerable to experimental ambiguities (e.g., caused by respiratory and blood pressure effects) in addition to causing considerable discomfort for the patient. For this reason, it is attractive to use spontaneous hemodynamic and end-tidal CO2 data under resting conditions to estimate predictive dynamic models that account for the combined effects of arterial blood pressure and end-tidal CO2 changes upon cerebral blood flow velocity or cerebral tissue oxygenation. We suggest that such "resting-state" models (obtained from spontaneous activity time-series data) are able to capture and quantify the dynamics of CO2-driven heart-rate chemoreflex and of the ABP-driven baroreflex. These models allow the computation of reliable physio-markers that quantify the DVR. To obtain these resting-state models, we employ the kernel-based modeling methodology \[[@ref025]\] that is outlined in the following section. The obtained results from amnestic MCI patients and age-matched controls are presented in the next section and the key findings are discussed in the last section.

METHODS {#sec0010}
=======

This study relies on the quantification of certain physiological functions of interest that are defined by input-output models of the dynamic relationships between the relevant time-series data, i.e., beat-to-beat measurements of cerebral blood flow velocity, cerebral tissue oxygenation or heart rate (the putative "outputs"), and arterial blood pressure or end-tidal CO2 (the putative "inputs") under resting conditions. These input-output predictive dynamic models are estimated using the novel methodology of Principal Dynamic Modes \[[@ref025]\] that has been pioneered by our laboratory and yields accurate model estimates from noisy and relatively short datasets. The obtained subject-specific predictive models are used to construct indices that quantify the physiological function of interest (e.g., CO2 dynamic vasomotor reactivity or chemoreflex/baroreflex gains) in each MCI patient or control subject.

Data collection {#sec0015}
---------------

The analyzed time-series data were collected over 5 min in patients with amnestic MCI and age-matched cognitively normal control subjects, who participated voluntarily in this study and signed the Informed Consent Form that has been approved by the Institutional Review Board of the UT Southwestern Medical Center and Texas Health Presbyterian Hospital Dallas. The diagnosis of amnestic MCI was based on modified Petersen criteria \[[@ref027]\]. The scores of the Mini-Mental State Exam (MMSE) and the Delayed Logical Memory Recall (DLMR) test were used to assess memory function. The subjects were screened to exclude clinical histories of stroke, major medical and psychiatric disorders, unstable heart diseases, uncontrolled hypertension, and diabetes mellitus. The gender composition, the age (mean and standard deviation (SD)), and the neuropsychological scores (MMSE and DLMR) of the patients and controls are given in [Table 1A](#jad-75-jad191238-t001A){ref-type="table"} for the two cohorts used in this study: 1) 45 patients and 18 controls with TCD output data, and 2) 43 patients and 17 controls with NIR output data. The reason for different numbers of MCI patients and controls with TCD or NIR data is the presence of occasional gaps in some data-recordings due to technical issues (in similar proportions for patients and controls) that made them unusable for analysis.

###### 

Gender, age, and neuropsychological scores of controls and MCI patients with TCD or NIR data

  Subjects                     Gender Composition   Age Mean (SD)   MMSE score^†^   Delayed Logical Memory Recall score^††^
  --------------------------- -------------------- --------------- --------------- -----------------------------------------
  18 Controls with TCD data     9 male, 9 female    66.26 (6.11)    29.13 (0.89)                 14.19 (2.59)
  45 Patients with TCD data    16 male, 29 female   66.62 (6.60)    29.09 (1.27)                  8.63 (2.4)
  *p*-value                          0.2897            0.8349          0.9079                     7.4×10^--8^
  17 Controls with NIR data     8 male, 9 female    69.38 (5.99)    29.06 (1.03)                 14.53 (2.35)
  43 Patients with NIR data    13 male, 30 female   66.79 (6.34)    29.31 (0.90)                  8.74 (2.22)
  *p*-value                          0.2181            0.1468          0.3875                    1.71×10^--9^

^†^Mini-Mental State Exam (MMSE) scores were not available for two controls and two MCI patients. ^††^Delayed Logical Memory Recall scores were not available for two controls and three MCI patients.

The time-series data were collected in a quiet, environmentally controlled laboratory under resting seated conditions. All measurements were non-invasive, safe, and comfortable for the subjects. After 20 min of rest, 5-6 min recordings were made at an initial sampling rate of 1 KHz for 1) arterial blood pressure (ABP) measured continuously with finger photo-plethysmography (Finapres); 2) end-tidal CO2 (CO2) measured via a nasal cannula using capnography (Criticare Systems); 3) cerebral blood flow velocity (CFV) measured in the middle cerebral arteries using a 2 MHz transcranial Doppler (TCD) probe (Multiflow, DWL) placed over the temporal window and fixed at constant angle with a custom-made holder; 4) tissue oxygenation index (TOI), defined as the ratio of oxyhemoglobin to total hemoglobin multiplied by 100, measured via near infrared spectroscopy (NIR) (Hamamatsu). HR data were extracted from ECG recordings or from highly-sampled ABP recordings when there was a recording problem (artifact or gap) in the ECG. [Table 1B](#jad-75-jad191238-t001B){ref-type="table"} reports the time-average (baseline) values and the variabilities (computed as the SD of the beat-to-beat or breath-to-breath changes) of the analyzed TOI, CFV, CO2, ABP, and HR time-series data (for patients and controls separately) for the same cohorts of patients and controls (dependent on TCD or NIR output) as in [Table 1A](#jad-75-jad191238-t001A){ref-type="table"}. We note that the only significant baseline difference between patients and controls is for TOI (*p* = 0.036).

###### 

Baseline values and variabilities of analyzed time-series data of TOI, CFV, CO2, ABP, and HR for controls and MCI patients with either TCD or NIR output

  Subjects                     TOI baseline (variability)   CFV baseline (variability)   CO2 baseline (variability)   ABP baseline (variability)   HR baseline (variability)
  --------------------------- ---------------------------- ---------------------------- ---------------------------- ---------------------------- ---------------------------
  18 Controls with TCD data                NA                     49.96 (11.96)                 36.13 (3.69)                91.03 (12.13)                66.26 (7.29)
  45 Patients with TCD data                NA                     46.22 (10.71)                 36.28 (2.84)                91.03 (12.13)                68.69 (11.24)
  *p*-value                                NA                         0.2588                       0.8774                       0.2632                      0.3159
  17 Controls with NIR data           67.14 (6.76)                      NA                      35.67 (3.60)                88.17 (14.71)                67.22 (7.55)
  43 Patients with NIR data           62.78 (7.45)                      NA                      36.01 (2.57)                91.53 (14.84)                68.32 (11.74)
  *p*-value                              0.0360                         NA                         0.7251                       0.4328                      0.6709

Data preprocessing {#sec0020}
------------------

The collected highly-sampled data of ABP, CFV, and TOI were reduced to beat-to-beat time-series data using averages over the respective R-R intervals extracted from the ECG, after removal of occasional measurement artifacts through application of hard-clipping at±20% of average values. The beat-to-beat averages of ABP, CFV, and TOI, as well as the HR values (i.e., the inverse of the respective R-R interval) were placed at the mid-point of each R-R interval (unevenly spaced). To make even the sampling of the beat-to-beat values (necessary for processing), the data were re-sampled every 0.25 s via cubic-spline interpolation and were high-pass filtered (via subtraction of a 2-min moving-average using a Hanning window) to remove the constant baseline and very low frequency trends below 0.01 Hz. The end-tidal CO2 values were placed at the mid-point of each breath (unevenly sampled) and were re-sampled every 0.25 s via cubic-spline interpolation (to make the data-samples of all variables contemporaneous) and high-pass filtered as indicated for the other data. We also low-pass filtered all our time-series data by use of an 8-s Hanning window in order to alleviate the effects of respiratory sinus arrhythmia and focus our analysis on the frequencies below 0.2 Hz where hemodynamic regulation is deemed to be taking place. [Figure 1](#jad-75-jad191238-g001){ref-type="fig"} shows illustrative time-series data (both raw and pre-processed) for one of the control subjects over 5 min.

![Illustrative time-series data over 5 min for one control subject, representing beat-to-beat spontaneous variations of CFV (top panel), TOI (2nd panel), ABP (3rd panel), HR (4th panel), and CO2 (bottom panel), before (left column) and after (right column) pre-processing. The units are: cm/s for CFV, % for TOI, beats/min for HR, and mmHg for ABP and CO2.](jad-75-jad191238-g001){#jad-75-jad191238-g001}

Modeling methodology {#sec0025}
--------------------

To obtain reliable input-output models of the dynamic relationships between the putative inputs and outputs of this study, we employ the method of Laguerre expansion of kernels that yields compact predictive models (linear or nonlinear) even for noisy and relatively short datasets \[[@ref025]\]. A brief outline of this methodology for linear modeling of two-input/one-output systems (employed in this study) is presented in the [Supplementary Material](#S1){ref-type="supplementary-material"}. The input-output linear model has the convolutional form: $$y\left( t \right) = k_{0} + \int_{0}^{\infty}k_{p}\left( \tau \right)p\left( t - \tau \right)d\tau + \int_{0}^{\infty}k_{x}\left( \tau \right)x\left( t - \tau \right)d\tau$$ where *y* (*t*) denotes the output signal of interest (CFV, TOI, or HR) and *p* (*t*), *x* (*t*) denote the two input signals of ABP and CO2, respectively; while *k~p~* and *k~x~* denote the two "kernels" of the model with respect to input *p* (*t*) and input *x* (*t*), respectively. The kernels describe fully the dynamic characteristics of this linear input-output model and allow prediction of the output *y* (*t*) for any given input waveforms *p* (*t*) and *x* (*t*). We wish to emphasize that this model form is generally applicable to all linear stationary systems with two inputs and one output. As outlined in the [Supplementary Material](#S1){ref-type="supplementary-material"}, the kernels can be estimated reliably through linear regression of a modified input-output model equation using Laguerre expansions. To check the statistical significance of the obtained kernel estimates, we run the kernel estimation after random shuffling of the output time-series data for 1000 independent trials in order to establish the standard deviation (SD) bounds for the kernel estimates over all lags under the Null Hypothesis that there is no causal connection between the time-series data of the input and the output. Following this statistical evaluation approach, we have found that all reported kernel estimates, which are derived from the actual input-output data, reject the Null Hypothesis at the 95% significance level. Furthermore, all dual-input models were tested for statistical significance of the reduction in model-predicted Normalized Mean-Square Error (NMSE) caused by the inclusion of the second input, relative to their single-output counterparts. The NMSE reduction was found significant (*p* \< 0.001) in all presented cases.

RESULTS {#sec0030}
=======

Following the methodological procedures outlined above, we estimate first the input-output predictive models from which the two types of DVR indices are computed: the DVR-CFV index using the CFV output data from the large middle-cerebral arteries, or the DVR-TOI index using the TOI output data from small/micro cerebral vessels in the prefrontal cortex---employing for this purpose the kernel estimates for the CO2 input and the respective output. The obtained average kernel estimates (and SD bounds) are shown in [Fig. 2](#jad-75-jad191238-g002){ref-type="fig"} for the 45 MCI patients (MP) (red line) and 18 age-matched cognitively normal control subjects (CS) (blue line) when the output is CFV (left panel), or 43 MP (red line) and 17 CS (blue line) when the output is TOI (right panel). The average kernel waveforms appear distinctly different between MP versus CS for either large or small cerebral vessels, i.e., CFV or TOI output, respectively, especially for short lags (\<4 s) corresponding to the fast component of CO2 vasomotor reactivity mechanism (see Discussion). The statistical significance of this kernel difference between MP and CS is examined below via the kernel-based computation of the respective DVR indices.

![Average kernel estimates for the CO2 input (±1 SD bounds marked with dotted lines) over 18 or 17 CS (blue line) and 45 or 43 MP (red line), for CFV (left) or TOI (right) output, respectively.](jad-75-jad191238-g002){#jad-75-jad191238-g002}

The obtained models (defined by the respective kernels) are then simulated for a unit-step CO2 input (while the ABP input is set at baseline), and the DVR index for CFV or TOI is computed as the time-average of the respective model-predicted CFV or TOI response over the first 5 or 10 s, respectively. This is illustrated in [Fig. 3](#jad-75-jad191238-g003){ref-type="fig"} that shows the average model-predicted responses for the 45 MP (red line) and 18 CS (blue line) when the output is CFV (left panel), or for the 43 MP (red line) and 17 CS (blue line) when the output is TOI (right panel). It is evident that the model-predicted output rises higher for CS than MP for both types of output (CFV and TOI), suggesting possible impairment of CO2 vasomotor reactivity in MCI patients at both large and small cerebral vessels. The difference in the resulting two types of DVR indices for MP and CS is statistically significant (*p* \< 0.05) as shown in [Table 2](#jad-75-jad191238-t002){ref-type="table"}, where the mean (SD) values for MP and CS are reported for each DVR index, along with the corresponding *p*-values of a *t*-test (under the assumption of Gaussian distribution of these indices). A smaller *p*-value is achieved through the NIR measurements of TOI in small cortical vessels (*p* = 0.0030) relative to the TCD measurements of CFV in the middle cerebral arteries (*p* = 0.0057).

![Average model-predicted response to a unit-step CO2 input over 18 CS (blue line) and 45 MP (red line) for the CFV output (left panel), and over 17 CS (blue line) and 43 MP (red line) for the TOI output (right panel). The SD bounds are also shown with dashed lines.](jad-75-jad191238-g003){#jad-75-jad191238-g003}

###### 

Mean (SD) of DVR-CFV & DVR-TOI indices for MP and CS, and respective *p*-values

               DVR-CFV index (5-s average)   DVR-TOI index (10-s average)                    
  ----------- ----------------------------- ------------------------------ ----------------- -------------------
  *μ* (*σ*)          0.5006 (0.4883)               0.1097 (0.4074)          0.0944 (0.1423)   --0.0314 (0.1046)
  p                    **0.0057**                     **0.0030**                             

For the computation of a model-based index of the effect of an ABP change upon cerebral flow in large or small cerebral vessels, we can use the estimated kernel of each patient/subject for the ABP input and simulate the respective model (defined by the kernel) to predict the cerebral flow output (CFV or TOI) for a unit-step ABP input (while the ETCO2 input is set at zero/baseline). An index of Dynamic Cerebral Autoregulation (DCA) can be computed as the ratio: (A-B)/A, where A is the maximum and B the minimum value of the model-predicted CFV or TOI response over the first 10 or 20 s, respectively \[[@ref001]\]. Such DCA indices were not significantly different between MP and CS; thus, they are not reported (or the respective ABP-input kernels) in the interest of space. We note, however, that there exist alternate definitions of DCA \[[@ref028]\] but none was found significantly different between MP and CS.

Finally, we note that the mean (SD) values of the NMSE of the model prediction over all MP and CS for both types of outputs (CFV or TOI) are reported in [Table 3](#jad-75-jad191238-t003){ref-type="table"} and indicate that model prediction error is comparable for MP and CS for the CFV output prediction, but significantly smaller in CS for the TOI output prediction (see Discussion).

###### 

Mean (SD) of model prediction NMSE for MP and CS, and corresponding *p*-values

               NMSE of CFV model prediction   NMSE of TOI model prediction                  
  ----------- ------------------------------ ------------------------------ --------------- ---------------
  *μ* (*σ*)           35.74 (12.06)                  37.39 (15.25)           43.11 (11.36)   52.88 (16.46)
  p                       0.6537                       **0.0121**                           

For the computation of the model-based indices of the HR reflex, we estimate first the models (i.e., kernels) of the dynamic relationship between HR (the putative output) and ABP and CO2 (the two putative inputs). The obtained average kernels (and SD bounds) using the data of 18 CS (blue line) and 45 MP (red line), who have both CFV and TOI output data, are shown in [Fig. 4](#jad-75-jad191238-g004){ref-type="fig"} for the ABP input (left) and the CO2 input (right). The ABP-input kernel describes the dynamics of the baroreflex and exhibits on the average a negative trough between 0.5 and 2.5 s lags (consistent with the known reduction of HR for rising ABP). The average baroreflex kernels are similar for CS and MP. The CO2-input kernel describes the dynamics of the CO2-driven heart-rate chemoreflex and exhibits on the average positive values for the CS (consistent with the known increase of HR for rising CO2), but negative values over early lags (up to 4 s) for the MP and smaller positive values for lags \>4 s relative to the CS. This distinct difference in the chemoreflex kernels of the CS versus the MP may contribute to the observed difference in the DVR indices (see [Table 2](#jad-75-jad191238-t002){ref-type="table"}). This possible correlation and the statistical significance of the chemoreflex kernel difference are examined below.

![Average kernel estimates (±1 SD bounds marked with dotted lines) over 18 CS (blue line) and 45 MP (red line) of the predictive dynamic model for the HR output and the ABP input (left panel) or the CO2 input (right panel). These two sets of kernels describe the baroreflex and chemoreflex dynamics, respectively. The baroreflex kernels are similar for CS versus MP, but the chemoreflex kernels are distinct.](jad-75-jad191238-g004){#jad-75-jad191238-g004}

In order to examine the statistical significance of the observed kernel differences between MP and CS for the baroreflex and the chemoreflex, we can use the respective kernel estimates for each CS and MP to compute model-based indices regarding the Baroreflex Gain (BRG) and the Chemoreflex Gain (CRG) for each individual as follows: (1)We may compute the CRG index as the time-average of the model-predicted HR response to a unit-step CO2 input over the first 10 s (in a manner akin to the previous definition of the DVR indices) as illustrated on the right panel of [Fig. 5](#jad-75-jad191238-g005){ref-type="fig"} for the average CO2-to-HR kernels.(2)We may compute the BRG index as the difference between the peak value and the trough value of the model-predicted HR response to a unit-step ABP input (depicted on the left panel of [Fig. 5](#jad-75-jad191238-g005){ref-type="fig"} for the average ABP-to-HR kernels). This definition of BRG relies on the widely accepted notion that the baroreflex reduces the short-time HR response to an increase of ABP. Fig. 5The average model-predicted HR responses (in beats/min) to a unit-step ABP input (left panel) and CO2 input (right panel) over 18 CS (blue line) and 45 MP (red line) that illustrate the average time-course of the baroreflex and CO2-driven heart-rate chemoreflex effects, respectively. The CRG index for each CS or MP is defined as the time-average of the shaded area of the HR unit-response (indicated on the right panel). The BRG index for each CS or MP is defined as the difference between the peak and the trough of the HR unit-response (shown on the left panel for the average kernels).

[Table 4](#jad-75-jad191238-t004){ref-type="table"} shows the mean (SD) values of the model-based BRG and CRG indices over 45 MP and 18 CS, who have *both* CFV and TOI output data. The resulting *p*-values indicate statistically significant difference in the CRG index between MP and CS (*p* = 0.0031), but not in the BRG index (*p* = 0.5061). These results are consistent with our previous findings that the DVR-CFV index (which is likely affected by the CRG) is significantly different between MP and CS, but cerebral autoregulation (which is likely related to BRG) is not significantly different between MP and CS.

###### 

Mean (SD) of BRG and CRG indices for MP and CS, and corresponding *p*-values

               BRG index: A minus B      CRG index                       
  ----------- ---------------------- ----------------- ----------------- -------------------
  *μ* (*σ*)      0.9706 (0.5574)      0.8636 (0.6026)   0.1044 (0.3211)   --0.1943 (0.3775)
  *p*                 0.5061            **0.0031**                       

The differences between MP and CS in their dynamic responses to CO2 changes can be also examined via the magnitude (gain) of their respective Transfer Functions for the three outputs CFV, TOI and HR that are shown in [Fig. 6](#jad-75-jad191238-g006){ref-type="fig"}. Notable differences are seen in the low-frequencies between MP and CS, with the CS exhibiting larger values, especially for the TOI and HR outputs. Some differences are also evident in terms of distinct resonant peaks (see Discussion).

![The gain of the Transfer Functions (Fourier Transform magnitudes) of the kernels for CO2 input and CFV output (left), TOI output (middle) and HR output (right). Notable differences are seen in the low-frequencies between MP and CS, as well as in the location of resonant peaks.](jad-75-jad191238-g006){#jad-75-jad191238-g006}

Correlations between model-based indices and potential use of composite indices {#sec0035}
-------------------------------------------------------------------------------

Next we examine possible correlations between the obtained CRG indices and the two types of DVR indices (DVR-CFV and DVR-TOI) by computing the regression lines in the respective scatter-plots. The results are shown in [Fig. 7](#jad-75-jad191238-g007){ref-type="fig"} for DVR-CFV versus CRG (left panel) and for DVR-TOI versus CRG (right panel), for all MP and CS. We see that there is significant correlation between DVR-CFV and CRG (*p* = 0.0147), but not between DVR-TOI and CRG (*p* = 0.1067), indicating that the CRG influences primarily the flow regulation in large cerebral vessels (DVR-CFV) but not in small/micro cortical vessels (DVR-TOI). This invites the question of the primary causes of DVR-TOI impairment in MCI. One plausible hypothesis could implicate the dysregulation of neurovascular coupling, which is localized in its effects to meet metabolic needs (see Discussion). The Fisher Discriminants \[[@ref037]\] are also plotted in [Fig. 7](#jad-75-jad191238-g007){ref-type="fig"} (as green lines) and suggest the potential utility of composite indices combining the DVR indices with the CRG index to improve delineation between CS and MP---and be used potentially as "diagnostic boundaries". We found that the Composite Index: \[CRG + 3.07×DVR-TOI\], which is defined by the Fisher Discriminant for the respective scatter-plot (right panel of [Fig. 7](#jad-75-jad191238-g007){ref-type="fig"}), yields a very small *p*-value of 2×10^--5^ that represents considerable improvement over the previous *p*-values by two orders of magnitude. This also indicates that the DVR-TOI and the CRG indices contain largely uncorrelated information. On the other hand, as another indication that the DVR-CFV and the CRG contain partly correlated information, the Fisher Discriminant for the respective scatter-plot (left panel of [Fig. 7](#jad-75-jad191238-g007){ref-type="fig"}) yields a *p*-value of 0.0003 that is one order of magnitude smaller than the one achieved by CRG alone (*p* = 0.0031).

![Regression lines of the scatter-plots of DVR-CFV versus CRG (left panel) and DVR-TOI versus CRG (right panel), for all MP (red stars) and CS (blue circles). The indices DVR-CFV and CRG have significant correlation (*p* = 0.0146), but the indices DVR-TOI and CRG do not (*p* = 0.1066). The Fisher Discriminants are also plotted as green lines (see text).](jad-75-jad191238-g007){#jad-75-jad191238-g007}

Average cerebral tissue-oxygenation values versus CRG and DVR-TOI indices {#sec0040}
-------------------------------------------------------------------------

We also examined whether there is significant correlation between the Average-TOI values (i.e., the time-average of each TOI time-series) and the CRG or DVR-TOI indices for 17 CS and 43 MP together. The regression lines in the two scatter-plots of [Fig. 8](#jad-75-jad191238-g008){ref-type="fig"} show that only the CRG indices have significant correlation with the Average-TOI values (*p* = 0.008), indicating that the CO2-driven heart-rate chemoreflex gain has significant influence on the average tissue-oxygenation level --but the DVR at the level of cortical small/micro vessels is not correlated significantly with the average cortical tissue-oxygenation (*p* = 0.476). This suggests that the CO2-driven heart-rate chemoreflex must function properly in order to maintain adequate average cortical tissue-oxygenation or, conversely, a malfunction of this chemoreflex mechanism is expected to cause significantly lower average tissue-oxygenation levels in the prefrontal cortex.

![Scatter-plots and regression lines for Average-TOI values versus CRG indices (right) or DVR-TOI indices (left) for 17 CS (blue circles) and 43 MP (red stars) taken together. The Average-TOI values correlate strongly with the CRG indices but not with the DVR-TOI indices.](jad-75-jad191238-g008){#jad-75-jad191238-g008}

Correlation of model-based DVR and CRG indices with clinical measures of cognitive impairment {#sec0045}
---------------------------------------------------------------------------------------------

Finally, we examined possible correlations between the obtained model-based DVR-CFV and DVR-TOI indices of cerebral perfusion and clinical measures of cognitive impairment in our amnestic MCI cohort provided by the scores of the Delayed Logical Memory Recall (DLMR) neuropsychological test. [Figure 9](#jad-75-jad191238-g009){ref-type="fig"} shows the scatter-plots for DLMR versus DVR-CFV and DVR-TOI with the regression lines (dotted black) indicating significant correlation between DLMR and both DVR indices (*p* = 0.0011 for DVR-CFV and *p* = 0.0088 for DVR-TOI). The Fisher Discriminants are also shown as dashed green lines and suggest the potential use of the Composite Indices: \[DLMR + 0.51×DVR-CFV\] and \[DLMR + 8.33×DVR-TOI\] to achieve improved delineation between MP and CS (*p*∼10^--10^).

![Scatter-plots for Delayed Logical Memory Recall (DLMR) scores versus DVR-CFV index (left) and DVR-TOI index (right) with the regression lines (dotted black) indicating significant correlation between DLMR and both DVR indices (*p* = 0.0011 for DVR-CFV and *p* = 0.0088 for DVR-TOI). The Fisher Discriminants are also shown as dashed green lines and suggest the potential use of the Composite Indices: \[DLMR + 0.51×DVR-CFV\] and \[DLMR + 8.33×DVR-TOI\] to achieve improved delineation between MP and CS (*p*∼10^--10^).](jad-75-jad191238-g009){#jad-75-jad191238-g009}

We note that we have also previously shown an association between our model-based DVR-CFV index and the scores of a neuropsychological test of executive function (Trail-Making Test B-A) in mixed MCI patients \[[@ref041]\]. The demonstrated association was stronger than the one achieved by conventional measures of CO2 vasoreactivity using the CO2-inhalation testing protocol.

DISCUSSION {#sec0050}
==========

This paper presents a model-based methodology for the quantification of the heart-rate reflex (i.e., the baroreflex and CO2-driven chemoreflex function, separately) that is conceptually similar to the methodology that was recently proposed for the quantification of Dynamic Vasomotor Reactivity (DVR) and Dynamic Cerebral Autoregulation in MCI patients (MP) and cognitively normal control subjects (CS) \[[@ref001]\]. This paper further examines the relation between model-based indices of the baroreflex or chemoreflex function---termed "Baroreflex Gain" (BRG) and "CO2-driven Chemoreflex Gain" (CRG), respectively---and model-based indices of DVR in large and small/micro cerebral vessels that were found recently to be significantly different between MP and CS \[[@ref001]\]. The main findings of this study are:(1)The DVR and CRG indices, as quantified by the respective kernels of the predictive dynamic models with CO2 input and each of the three outputs considered in this study (CFV, TOI, and HR), are significantly different between MP and CS (*p* \< 0.01). See [Tables 2](#jad-75-jad191238-t002){ref-type="table"} and [4](#jad-75-jad191238-t004){ref-type="table"}, and [Fig. 2](#jad-75-jad191238-g002){ref-type="fig"} and [4](#jad-75-jad191238-g004){ref-type="fig"}. This suggests significant impairment of these key physiological mechanisms of cerebral flow regulation in amnestic MCI.(2)The CRG and BRG indices were computed from the model-predicted HR responses to a CO2 unit-step stimulus and indicated that the CO2-driven heart-rate chemoreflex was significantly affected in MCI (*p* = 0.0031), but not the baroreflex (*p* = 0.5061), as shown in [Table 4](#jad-75-jad191238-t004){ref-type="table"}. There was no significant correlation between the obtained model-based CRG and BRG indices for either MP or CS, indicating distinct regulatory pathways for the CO2-driven heart-rate chemoreflex and baroreflex mechanisms. Based on this finding, we hypothesize that the pathogenesis of MCI/AD may be influenced more by biochemical factors captured by CRG (rather than biomechanical factors captured by BRG), which alter the perivascular biochemical microenvironment of cerebral tissue (leading to elevation of perivascular extracellular potassium) through endothelial, mitochondrial or neurovascular dysfunction caused by chronic acidosis, hypoxia oxidative stress or inflammation.(3)Statistically significant correlation was found between the model-based CRG indices and the DVR-CFV indices (*p* = 0.0146) obtained in large cerebral vessels from analysis of blood flow velocity measurements at the middle cerebral arteries via transcranial Doppler, but no significant correlation was found between the model-based CRG indices and DVR-TOI indices (*p* = 0.1066) obtained in small/micro cortical vessels from analysis of tissue oxygenation measurements at the lateral prefrontal cortex via near infrared spectroscopy (see [Fig. 7](#jad-75-jad191238-g007){ref-type="fig"}). Nonetheless, both DVR indices (DVR-CFV and DVR-TOI) were found to be significantly different between MP and CS (see [Table 2](#jad-75-jad191238-t002){ref-type="table"}), a finding that confirms the results of a previous study \[[@ref001]\]. These findings suggest that the impairment of the CO2-driven heart-rate chemoreflex is related closely to the observed impairment of DVR-CFV in large cerebral vessels of MCI patients, but it is not significantly correlated with the DVR-TOI impairment in small/micro cortical vessels. This invites the use of a composite index combining CRG with DVR-TOI (defined by the Fisher Discriminant of the respective scatter-plot), which was found to yield a smaller *p*-value (*p* = 2×10^--5^) and also raises the important question of the primary causes of the observed impairment of DVR-TOI in small/micro cortical vessels of MCI patients that are distinct from the CO2-driven heart-rate chemoreflex dysfunction. A plausible hypothesis may implicate the possible dysfunction of localized neurovascular coupling mechanisms and/or changes in the cerebral perivascular biochemical microenvironment.(4)There is significant correlation (*p* \< 0.01) between scores of the Delayed Logical Memory Recall (DLMR) neuropsychological test and both model-based DVR indices of cerebral perfusion for patients and controls (see [Fig. 9](#jad-75-jad191238-g009){ref-type="fig"}). Combining the DLMR scores with the DVR indices reduces the *p*-value of the composite diagnostic index by an order of magnitude (*p*∼10^--10^).(5)The waveforms of the CO2-input kernels for all three outputs (CFV, TOI, and HR) bear a notable resemblance (see blue lines on the panels of [Fig. 2](#jad-75-jad191238-g002){ref-type="fig"} and the right panel of [Fig. 4](#jad-75-jad191238-g004){ref-type="fig"}) as they exhibit an early fast component (for lags \<4 s) followed by a slow component peaking around 10 sec and diminishing after 30 s lag (see below).

Some other notable specific findings:

Fast and slow components of DVR and CO2-driven heart-rate chemoreflex affected by MCI {#sec0055}
-------------------------------------------------------------------------------------

In [Fig. 2](#jad-75-jad191238-g002){ref-type="fig"}, there is an apparent difference in the average kernels for the CO2 input and CFV output (left panel) or TOI output (right panel) between MP (red line) and CS (blue line)---especially for short time-lags (\<4 s), although some differences are seen for longer time-lags as well. These differences were found to be statistically significant (*p* \< 0.01) when examined through the corresponding DVR indices (see [Table 2](#jad-75-jad191238-t002){ref-type="table"}). As noted above, the waveform of the average kernels for CS when the input is CO2 (see blue lines in [Fig. 2](#jad-75-jad191238-g002){ref-type="fig"} and in right panel of [Fig. 4](#jad-75-jad191238-g004){ref-type="fig"}), exhibit an early positive component over the first 3-4-s lag, followed by a later positive component that peaks around 10-s lag and diminishes after 30-s lag. These two components define fast and slow dynamics of the CO2-driven heart-rate chemoreflex and may be due, respectively, to its peripheral (fast) branch mediated neurally via the peripheral chemoreceptors (at the carotid bodies and the aortic arch) and its central (slow) branch mediated via diffusion from the cerebrospinal fluid \[[@ref035]\]. Our results suggest that both components of the CO2-driven heart-rate chemoreflex are affected by MCI, but the fast component is affected more severely by reversing polarity when the output is TOI or HR. The observed changes in the CO2-to-HR kernel may be caused by a shift in the set-point on the peripheral chemoreceptors sensitivity curve that is influenced by the pH in blood and tissue \[[@ref035]\]. There is also experimental evidence in the neurovascular coupling literature to support a physiological hypothesis centered on excessive perivascular potassium for explaining the counter-intuitive finding of polarity reversal in cerebral CO2 dynamic vasomotor reactivity in MCI patients that is discussed in the following subsection. Our analysis of the CO2-driven heart-rate chemoreflex (quantified by the CRG index) pertains only to this particular branch of chemoreflex and does not include the broader complex mechanisms of chemoreflexes that regulate respiration and influence the cardio-respiratory control centers in the brainstem.

The separation into fast and slow components of the CS kernels can also be illustrated in the frequency-domain via the Fourier Transform magnitudes of the respective kernels (i.e., the gain of the Transfer Function) as shown in [Fig. 6](#jad-75-jad191238-g006){ref-type="fig"} for the three distinct outputs. The fast component is most evident for the CFV output (see blue line in left panel) and exhibits a resonant peak around 0.1 Hz, while it is less pronounced for the TOI and HR outputs (see blue lines in middle and right panels). The resonant peak around 0.1 Hz is nonexistent in MP, who exhibit instead resonant peaks in the lower frequency range of 0.02--0.04 Hz for TOI and HR outputs, but none for CFV output. The physiological interpretation of these changes in the resonant peaks for MP is a high priority task for future research, as it may enable the identification of the physiological mechanisms of cerebral perfusion that are affected by MCI and may suggest possible treatments. Another notable difference of potential clinical importance is seen in the magnitude of the Transfer Functions at very low frequencies (\<0.02 Hz), where the MP show much smaller values for the TOI and HR outputs. This quantitative finding may explain the critical effect of intermittent hypercapnia during episodes of sleep apnea (which take place at these very low frequencies) upon cerebral tissue oxygenation. This intriguing hypothesis also applies to the effect of natural slow variations of blood CO2 (\<0.02 Hz) upon cerebral tissue oxygenation during normal sleep, suggesting the possibility of inadequate cerebral tissue oxygenation in MCI patients. Furthermore, this difference in the very low frequencies may plausibly cause inadequate glymphatic flow in MCI patients (due to the indicated reduction of cerebrovascular tone at very low frequencies). These hypotheses can be examined in future studies by collecting the requisite TOI, CO2, and ABP time-series data during sleep.

Physiological hypothesis to explain the observed negative DVR indices in MCI patients {#sec0060}
-------------------------------------------------------------------------------------

Most intriguing remains the negative early portion of the CO2-to-TOI average kernel of the patients, especially since the average CO2-to-CFV kernel for the patients does not exhibit such negative values. This results in a negative average DVR-TOI index for the patients, which appears paradoxical but may be explained by experimental evidence in the neurovascular coupling literature \[[@ref038]\] that a large rise in extracellular *K*+ in the perivascular space adjacent to astrocytic endfeet causes a reversal from vasodilation to vasoconstriction in response to astrocytic calcium waves, when this *K*+ rise exceeds a critical level (about 20 mM in mice). This critical level corresponds to the *K*+ concentration at which the *K*+ equilibrium potential equals the perivascular smooth-muscle membrane potential. Since the transition from vasodilation to vasoconstriction is governed by the astrocytic endfeet calcium and extracellular potassium (which are, in turn, dependent upon the proper function of the large-conductance K-channels in the astrocytic membrane and the inward-rectifying K-channels of the perivascular smooth muscle membrane), we posit that a plausible hypothesis for explaining this counter-intuitive finding could be that some long-lasting alteration in the perivascular biochemical microenvironment, possibly caused by a "sub-clinical" chronic condition (e.g., chronic acidosis, hypoxia, oxidative stress, or inflammation), may induce a long-term rise in extracellular *K*+ in the perivascular space and, consequently, a reversal of polarity in CO2 dynamic vasomotor reactivity. It has also been found in mice that such reversal of polarity may be caused by significant increase of free radical species in the perivascular space that impede the vasodilatory action of nitric oxide \[[@ref008]\].

Relation between DVR indices and conventional measures of CO2 vasoreactivity {#sec0065}
----------------------------------------------------------------------------

The conventional measures of CO2 vasoreactivity (e.g., the slope of cerebral flow change over many breaths of CO2 inhalation) are related but different from the model-based DVR indices that are computed via predictive dynamic models of how CFV/TOI changes in response to breath-to-breath changes of CO2, while beat-to-beat changes of ABP are kept at baseline in the model simulation. Thus the estimated CO2-to-CFV kernel (which defines the DVR index) describes the dynamic (causal) effect of CO2 changes upon CFV after the contemporaneous effect of ABP changes upon CFV has been accounted by the two-input model. This implies that, if CO2 inhalation causes an increase of ABP (which is likely to occur due to a CO2-induced increase of heart rate), then the cascaded effect of a CFV increase due to an ABP increase (secondary to CO2 inhalation) will be included in the CO2 vasoreactivity measurement. Therefore, the latter will tend to be positively biased relative to the DVR index, which does not include the secondary effects of ABP changes that are "separated out" by the two-input predictive dynamic model.

TOI model prediction is more accurate for CS than MP {#sec0070}
----------------------------------------------------

The accuracy of model prediction is measured via the Normalized Mean-Square Error (NMSE), which is the sum of the squared prediction errors divided by the sum of the squared (demeaned) output values. The mean (SD) of the resulting NMSE values are shown in [Table 3](#jad-75-jad191238-t003){ref-type="table"} and indicate that the model prediction accuracy is comparable in CS and MP for the CFV output, but significantly different (*p* = 0.0121) between CS and MP for the TOI output, with the patients having higher NMSE values. This finding suggests that there are more unaccounted (probably localized) factors influencing the dynamic relationship between the TOI output and the two systemic inputs of ABP and CO2 in the presence of MCI. Plausible hypotheses to explain this finding include the possibility of altered perivascular molecular environment around the micro/small vessels in the prefrontal cortex of MCI patients (due to chronic acidosis, hypoxia, oxidative stress, or inflammation) or altered dynamics of neurovascular coupling \[[@ref003]\].

In summary, since many previous studies have shown that the progression of cognitive impairment in patients with MCI or Alzheimer's disease (or other forms of dementia and neurodegenerative disease) is associated with impairment of cerebral vasomotor reactivity to hypercapnia, we advocate the potential utility of the kernel-based modeling methodology to obtain reliable diagnostic "physio-markers" of DVR and CRG, using non-invasive data recorded safely and comfortably for the patient. In addition to the potential diagnostic utility, the obtained kernel-based models can advance our quantitative understanding of the mechanisms involved in the relevant physiological processes, when the physiological interpretation of the kernel waveforms is achieved in the future.

Limitations of this study {#sec0075}
-------------------------

Although the presented results are promising, data from a larger cohort of MCI patients and control subjects must be analyzed before any conclusions are drawn regarding the potential clinical utility of these model-based physio-markers. Another lingering question regards the specificity of these physio-markers in terms of their ability to differentiate among various pathologies and cerebrovascular diseases that affect the cerebral vasomotor reactivity. The utilization of Principal Dynamic Modes \[[@ref001]\] to dissect further the altered physiological dynamics offers some promise for achieving satisfactory specificity. In this regard, the intrinsic interactions among multiple nested physiological mechanisms and the innate variability of physiological measurements are bound to present formidable challenges in assessing quantitatively the consistency and specificity of these model-based physio-markers. Nonetheless, this approach offers reliable quantitative tools to examine the dynamic relationships among these key variables (possibly augmented in the future with the inclusion of respiratory and oximeter time-series data) in a multi-variate context.

Conclusions {#sec0080}
-----------

The main conclusions of this study are:(1)Model-based indices of CO2-driven heart-rate chemoreflex gain (CRG) differentiate MCI patients from controls (*p* = 0.0031), indicating CO2-driven chemoreflex dysregulation in MCI.(2)The CRG indices correlate significantly with the observed impairment in DVR-CFV of cerebral arteries in MCI patients (*p* = 0.0147), but do not correlate significantly with the impairment of DVR-TOI in cortical small/micro vessels in the prefrontal cortex of MCI patients (*p* = 0.1067).(3)The lack of significant correlation between the CRG indices and the observed impairment of DVR-TOI in cortical small/micro vessels of MCI patients suggests that there are factors other than chemoreflex dysregulation that influence strongly this impairment (possibly cerebral chronic hypoxia/acidosis or dysregulation of neurovascular coupling).(4)The dynamic effects of blood CO2 changes upon blood flow in cerebral arteries and cortical tissue oxygenation in control subjects bear notable similarities and resemble the dynamic effects upon heart-rate, while these dynamic effects are dissimilar in MCI patients.(5)The combined use of model-based DVR-TOI and CRG indices allows improved differentiation of MCI patients from controls by two orders of magnitude (*p* = 2×10^--5^).(6)There is significant correlation (*p* \< 0.01) between the scores of the DLMR neuropsychological test and both model-based DVR indices of cerebral perfusion. Combining the DLMR scores with the DVR indices reduces the *p*-value of the composite diagnostic index (*p*∼10^--10^).
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